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Enterovirus 71 (EV-A71) is a major causative pathogen of hand, foot, and mouth disease (HFMD) epidemics. No antiviral thera-
pies are currently available for treating EV-A71 infections. Here, we selected five reported enterovirus inhibitors (suramin, itra-
conazole [ITZ], GW5074, rupintrivir, and favipiravir) with different mechanisms of action to test their abilities to inhibit EV-
A71 replication alone and in combination. All selected compounds have anti-EV-A71 activities in cell culture. The combination
of rupintrivir and ITZ or favipiravir was synergistic, while the combination of rupintrivir and suramin was additive. The combi-
nation of suramin and favipiravir exerted a strong synergistic antiviral effect. The observed synergy was not due to cytotoxicity,
as there was no significant increase in cytotoxicity when compounds were used in combinations at the tested doses. To investi-
gate the potential inhibitory mechanism of favipiravir against enterovirus, two favipiravir-resistant EV-A71 variants were inde-
pendently selected, and both of them carried an S121N mutation in the finger subdomain of the 3D polymerase. Reverse engi-
neering of this 3D S121N mutation into an infectious clone of EV-A71 confirmed the resistant phenotype. Moreover, viruses
resistant to ITZ or favipiravir remained susceptible to other inhibitors. Most notably, combined with ITZ, rupintrivir prevented
the development of ITZ-resistant variants. Taken together, these results provide a rational basis for the design of combination
regimens for use in the treatment of EV-A71 infections.

Hand, foot, and mouth disease (HFMD) is a common infec-
tious disease caused by enteroviruses that mainly affects chil-

dren younger than 5 years old. The clinical presentations are usu-
ally mild and include fever, skin eruptions on the hands and feet,
and vesicles in the mouth. However, a small proportion of affected
children may develop neurological and systemic complications
such as encephalitis, aseptic meningitis, acute flaccid paralysis,
pulmonary edema, cardiopulmonary dysfunction, and even death
(1–3). Enterovirus 71 (EV-A71) and coxsackievirus A16 (CV-
A16) are the two major causative agents of HFMD. In particular,
EV-A71 is often associated with neurological complications and is
responsible for the majority of fatalities (4–6). There has been a
significant increase in EV-A71 epidemic activity across the Asia-
Pacific region since 1997 (7–12). Unfortunately, no approved an-
tiviral therapeutics are currently available for the treatment of
EV-A71 infection, and treatment remains limited to supportive
care. Although two inactivated monovalent EV-A71 vaccines,
manufactured by the Institute of Medical Biology, Chinese Acad-
emy of Medical Sciences, and Sinovac Biotech Co., Ltd., were re-
cently approved by the China Food and Drug Administration
(CFDA), the vaccines are not free, and residents can choose
whether they want to be inoculated. Therefore, anti-EV-A71
drugs are still needed for the treatment of infected individuals
whose parents opt not to vaccinate their children.

EV-A71 belongs to the genus Enterovirus in the family Picorna-
viridae. The viral genome is a single-stranded, positive-sense RNA
of �7,500 nucleotides. The genomic RNA contains a 5= nontrans-
lated regions (NTR), a single open reading frame, and a 3= NTR.
The single open reading frame encodes a polyprotein precursor
that is processed by viral proteases into four structural proteins
(VP4, VP2, VP3, and VP1) and seven nonstructural proteins (2A,
2B, 2C, 3A, 3B [VPg], 3C, and 3D) (13). Drug discovery efforts for
new antivirals have focused mainly on two viral proteins, the cap-
sid protein VP1 and the 3C protease (14). The EV-A71 replication

cycle involves a number of critical steps, including virus adsorp-
tion, uncoating, RNA translation, polyprotein processing, viral
RNA replication, and particle assembly. Several key steps in the
replication cycle have been identified as valuable targets.

To date, many small molecules have been reported to have
inhibitory effects against enteroviruses, particularly rhinovirus,
coxsackievirus B3 (CV-B3), and EV-A71. Several compounds
have progressed into clinical trials, but none of them has been
formally approved by the FDA due to limited efficacy or safety
concerns (14–17). Combining antiviral agents with additive or
synergistic antiviral effects is a proven strategy to increase antiviral
potency and reduce potential toxicity and adverse effects. The suc-
cess of combination therapy has been exemplified by the treat-
ment of HIV and hepatitis C virus (HCV) infections.

In this study, we used two-drug combination experiments to
evaluate the in vitro efficacy of combinations of five reported en-
terovirus inhibitors, including suramin, itraconazole (ITZ),
GW5074, rupintrivir, and favipiravir. These inhibitors have dis-
tinct mechanisms of action and different resistance profiles.
Suramin and its analog NF449 blocked EV-A71 infection at the
step of virus binding (18–21), and NF449-resistant viruses contain
two mutations (E98Q and K244R) in the VP1 protein (21, 22).
ITZ exhibited broad-spectrum antienterovirus activity by target-
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ing host oxysterol-binding protein (OSBP) (23), and ITZ-resis-
tant EV-A71 contains a single mutation in the 3A protein (V51L or
V75A) (24). GW5074, a Raf-1 inhibitor, exhibited antiviral activ-
ity against poliovirus (PV) and EV-A71 (21) by targeting cellular
phosphatidylinositol 4-kinase III beta (PI4KB) (25). Enviroxime
resistance mutations in PV 3A (A70T) and CV-B3 3A (V45A and
H57Y) conferred cross-resistance to GW5074 (26, 27). However,
ITZ-resistant EV-A71 did not exhibit cross-resistance to GW5074
(24). Rupintrivir (also known as AG7088), an irreversible inhibi-
tor of the 3C protease, exhibited broad-spectrum antiviral activity
against members of the family Picornaviridae (28–30), and resis-
tance to rupintrivir was mapped to the V104I mutation in the 3C
protease of enterovirus D68 (EV-D68) (31). Favipiravir (also
known as T-705) was initially developed as an inhibitor of influ-
enza virus (32) but was later found to inhibit a number of unre-
lated RNA viruses, including alphaviruses (33, 34), arenaviruses
(35, 36), bunyaviruses (35), noroviruses (37), filoviruses (38),
flaviviruses (39), and enterovirus (31, 32). Favipiravir inhibits in-
fluenza virus in its nucleoside triphosphate form by directly inter-
acting with viral RNA polymerase (40, 41). Selection of favipira-
vir-resistant variants has been achieved only for chikungunya
virus so far (34). To understand the mechanism of action of favipi-
ravir against enterovirus, we generated favipiravir-resistant EV-
A71 variants and found that the S121N single mutation in the 3D
polymerase was able to confer resistance. Our results showed that
three combinations (rupintrivir plus ITZ, rupintrivir plus favipi-
ravir, and suramin plus favipiravir) exerted strong synergistic an-
tiviral effects. These findings provide important insight into the
molecular mechanism by which favipiravir exerts its antiviral ac-
tivity against enterovirus and useful information for the design of
combination regimens for future anti-EV-A71 therapies.

MATERIALS AND METHODS
Cells, viruses, and compounds. RD (human rhabdomyosarcoma) cells
and Vero (African green monkey kidney) cells were cultured in Dulbecco
modified Eagle medium (DMEM; Invitrogen) with 10% fetal bovine se-
rum (FBS) (HyClone; Thermo Scientific) and 100 U/ml penicillin-strep-
tomycin (PS; Invitrogen) at 37°C with 5% CO2. EV-A71 strain FY573
(GenBank accession no. HM064456) was used for antiviral activity assays
and combination studies. EV-A71 strain G082, derived from an infectious
cDNA clone, was used for resistance analysis (24). The compounds ITZ,
GW5074 (Sigma), rupintrivir (Santa Cruz), and favipiravir (Chembest)
were dissolved in dimethyl sulfoxide (DMSO), and suramin (Sigma) was
dissolved in DMEM for antiviral experiments.

Cytopathic effect assay and cytotoxicity assay. To test the antiviral
activity of individual compounds, a cytopathic effect (CPE) inhibition
assay was performed as previously described, with minor modifications
(24). Briefly, RD cells (10,000 cells in 50 �l of DMEM) were seeded into
each well of a white 96-well plate (Costar; Corning) and incubated at 37°C
with 5% CO2 for 24 h prior to infection. Five microliters of 2-fold serial
dilutions of each compound was added to cells. In cell control and virus
control wells, 0.25% DMSO or medium was added. Within 10 min of the
addition of the compound, 45 �l of diluted virus (150 PFU, which corre-

sponds to a multiplicity of infection [MOI] of 0.015) was added to each
well. After 96 h of incubation at 37°C with 5% CO2, the CPE was measured
by using CellTiter-Glo reagent (Promega) with a Veritas microplate lumi-
nometer (Turner BioSystems). To control assay quality, the signal-to-
background (S/B) ratio and Z factor for each plate were calculated as
described previously (24), and plates with an S/B ratio of �10 and a
Z-factor value of �0.5 were used for data analysis. The 50% effective
concentration (EC50) was defined as the concentration needed to achieve
50% of the maximal inhibition effect. The cytotoxicity of each compound
was assessed in parallel by using the same assay without the addition of
virus in order to determine the concentration that resulted in 50% inhi-
bition of cell viability (CC50). The selectivity index (SI) was calculated for
each compound as SI � CC50/EC50.

Virus yield reduction assay, TCID50 assay, plaque assay, and growth
curves. RD cells were seeded into 12-well plates at 3 � 105 cells per well in
1 ml of DMEM supplemented with 10% FBS and 100 U/ml PS and incu-
bated at 37°C with 5% CO2. After 24 h, medium was removed, and cells
were infected with EV-A71 strain FY573 at an MOI of 0.1. Compounds
were then added to the cell culture media. Plates were incubated at 37°C.
After 48 h, the culture media were collected and then subjected to virus
titration by a 50% tissue culture infective dose (TCID50) assay as described
previously (24). For EV-A71 strain G082 and recombinant viruses derived
from infectious cDNA clones, Vero cells were used for infection and
plaque assays, and other conditions remained unchanged. Plaque assays
(24) and growth curves (42) were performed as described previously.

Generation and characterization of favipiravir-resistant EV-A71.
Favipiravir-resistant EV-A71 was generated by passaging EV-A71 strain
G082 on Vero cells in the presence of favipiravir. For each round of pas-
saging, Vero cells (3 � 105 cells per well) in 12-well plates were infected
with 100 �l of EV-A71 (derived from the previous passaging, the first
round of infection at an MOI of 0.1) in the presence of increasing concen-
trations of favipiravir. Three independent selections were carried out in
parallel. The initial concentration of favipiravir was 75 �M (�3� the
EC50 for the virus [strain G082] yield reduction assay on Vero cells), and
the concentration was doubled at passage 4 (P4), P7, and P15. (See Fig. 2A
for an outline of the strategy used for this selection.) For each passage,
viral supernatants were harvested when cells showed apparent CPE. Re-
sistance was determined by the fold change in viral titers between wild-
type (WT) and favipiravir-treated viruses at 600 �M favipiravir. The se-
lections were terminated at P16, when no further improvement of
resistance was observed. Viral RNAs from passage 16 were extracted from
the culture supernatants by using a QIAamp viral RNA minikit (Qiagen).
The RNAs were subjected to amplification using SuperScript III one-step
reverse transcription-PCR (RT-PCR) kits (Invitrogen). The gel-purified
RT-PCR products were subjected to DNA sequencing for the whole ge-
nome.

Construction and analysis of an EV-A71 mutant. An EV-A71 ge-
nome-length cDNA clone with a specific mutation was constructed by
using an infectious cDNA clone, pFLEV71. The methods for mutagenesis
of the cDNA clone, in vitro transcription, and RNA transfection were
reported previously (24). The viruses in the culture fluids were collected
every 24 h until an apparent CPE was observed from 24 h posttransfection.
Aliquots of the viruses were stored at �80°C. Viral titers were determined
by a plaque assay on Vero cells.

Combination studies. The antiviral effects of the drug combinations
on EV-A71 replication were determined by a CPE assay as described

FIG 1 Antiviral activities of individual compounds against EV-A71. (A) Antiviral activities and cytotoxicities of individual compounds. Twofold serial dilutions
of compounds were added to RD cells, and the inhibitory effects of the compounds were analyzed by a CPE assay. EC50s were calculated by using Prism nonlinear
regression (GraphPadPrism5). Cytotoxicity was also examined by incubation of RD cells with the indicated concentrations of compounds. Cell viability was
measured by using CellTiter-Glo reagent and is presented as the percent luminescence derived from the compound-treated cells compared to that from the
mock-treated cells. (B) Antiviral effect of selected compounds on virus yield. RD cells were infected with EV-A71 strain FY573 at an MOI of 0.1 and treated with
2-fold serial dilutions of compounds. Supernatants were collected at 48 h postinfection, and viral titers were determined by a TCID50 assay. The data shown were
obtained from two independent replicates. Error bars indicate the standard deviations from two independent experiments.
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above. For each drug combination, the two compounds were prepared
separately by serial 2-fold dilution and were mixed in 96-well plates (with-
out using the edges of the plates) to create a 6-by-9 matrix of single and
combined diluted drugs. The drug serial dilutions spanned a range of
concentrations near each compound’s EC50 so that equivalent antiviral
activities were compared. Cell control wells containing medium only and
virus control wells without compound treatment were included in each
plate, and each combination was tested four times in at least three inde-
pendent experiments. The cytotoxicity of each combination was assessed
in parallel by determination of the viability of uninfected cells using Cell-
Titer-Glo reagent (Promega).

Analysis of drug combination effects. To assess the antiviral effects of
different drug combinations, volumes of synergy or antagonism were de-
termined by using the MacSynergy II program developed by Prichard and
Shipman (43). This program is based on the Bliss independent model. The
synergy/antagonism volumes (�M2%) of drug combinations at 95% con-
fidence were defined as follows: values between �25 and �25 indicate
additivity, and values between �25 and �50 or between �25 and �50
indicate minor but significant synergy or antagonism, respectively,
whereas values between �50 and �100 or between �50 and �100 are
interpreted as moderate synergism or antagonism, respectively. Values
greater than �100 or less than �100 indicate strong synergistic or antag-
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onistic activity, respectively. To assess the effect of the combination of
rupintrivir and ITZ on EV-A71 yield, drug combinations were analyzed at
two constant ratios. Combination indices (CIs) were calculated with the
Chou-Talalay method using Compusyn software, and CI values of 	1, 1,
and �1 indicate synergy, additivity, and antagonism between drugs, re-
spectively (44).

RESULTS

Antiviral activity of individual compounds. Five compounds
(suramin, ITZ, GW5074, rupintrivir, and favipiravir) with dis-
tinct mechanisms of action and different resistance profiles (see
the introduction) were chosen to test their combined antiviral

FIG 2 Mutation in EV-A71 3D polymerase confers resistance to favipiravir. (A) Scheme for the selection of favipiravir-resistant virus. (B) Resistance analysis by
a virus yield reduction assay. Vero cells were infected with the WT virus, P16 selections (Sel I and Sel III), or the 3D S121N mutant virus in the presence of 600
�M favipiravir or 0.25% DMSO (as a negative control). At 48 h postinfection, the viral titers in culture fluids were quantified by a plaque assay. Fold reduction
was determined by dividing the titer of virus treated with 0.25% DMSO by that of virus treated with 600 �M favipiravir. Resistance is quantified by the fold change
compared to the wild-type virus, which was set as 1.0. (C) Summary of mutations identified from the two selections. Locations of the nucleotide and/or amino
acid changes are indicated. (D) Sequence alignment of the resistance regions in 3D proteins of representative strains of EV-A71 genotypes (left) (the name of each
EV-A71 strain of genotypes A, B1, B2, B3, B4, B5, C1, C2, C3, C4, and C5 is indicated on the left) and members of the genus Enterovirus (right) (sequences with
GenBank accession no. EU262658 [CV-A16], M33854 [CV-B3], KF537633 [PV1], and KF726085 [EV-D68] were used). The arrow indicates the mutation in
favipiravir-resistant EV-A71 identified in this study. The secondary structure based on the structure model of the EV-A71 3D polymerase (Protein Data Bank
accession no. 3N6L) is shown above the sequence. (E) Location of the S121 mutation in the structural model of EV-A71 3D polymerase. Residue S121 is shown
in red. The figure was produced by using PyMOL. (F) Modeling of favipiravir into the finger subdomain of EV-A71 3D polymerase. (Left) Favipiravir
(represented in stick form and colored in atoms) was docked into the structure of EV-A71 3Dpol (Protein Data Bank accession no. 3N6L) (gray) by using
Autodock Vina, and the lowest-energy conformation is presented. Residue S121 is shown in red. (Right) Partial structure of the 3Dpol finger subdomain
represented as a cartoon. Residue S121 is highlighted in a stick representation, with carbon atoms in green. The image was generated by using PyMOL. (G)
Modeling of the favipiravir-resistant mutation. (Left) The polymerase residues in contact with favipiravir are shown with carbon atoms in green and explicitly
labeled. (Right) Structural model of the 3D S121N mutation generated by using SWISS-MODEL. Favipiravir is shown in cyan, and both residues S121 and N121
are shown in magenta. Images were created by using PyMOL. (H) Phenotypic characterization of the resistance mutant. (Left) Growth kinetics of wild-type
EV-A71 and the 3D S121N mutant virus. The data shown were obtained from two independent replicates. Error bars indicate the standard deviations from two
independent experiments. (Right) Plaque phenotypes of wild-type EV-A71 and the 3D S121N mutant virus.
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activities against EV-A71. We first determined the anti-EV-A71
activities of individual compounds as well as their cytotoxicities in
order to obtain an optimal range of compound concentrations for
use in combination studies. A CPE-based antiviral activity assay
was used to measure antiviral activity. As shown in Fig. 1A, each of
the selected compounds inhibited the EV-A71-induced CPE in a
dose-responsive manner without significant cytotoxicity. Among
these compounds, rupintrivir was the most potent, with an EC50

of 0.18 �M. Next, we used a virus yield reduction assay to validate
the inhibitory effect. Suramin, ITZ, GW5074, rupintrivir, and
favipiravir reduced viral titers by 3.7, 1.6, 1.5, 4.2, and 1.8 log10

units at highest test concentrations, respectively (Fig. 1B). The
results demonstrated that all selected compounds have anti-EV-
A71 activity with an SI of �10 in cell culture.

The 3D polymerase of EV-A71 is the molecular target of
favipiravir. Favipiravir was recently reported to be a weak in-
hibitor of the in vitro replication of EV-D68 (31). We found
that it could also inhibit EV-A71 replication with an EC50 of
68.74 �M in a CPE assay (Fig. 1A). To gain insight into the
mechanism by which favipiravir inhibits the replication of en-
terovirus, we generated favipiravir-resistant virus variants by
culturing EV-A71 with increasing concentrations of favipiravir
(Fig. 2A). We performed three independent selections in par-
allel, and only two selections (selection I [Sel I] and Sel III)
showed a resistance phenotype after 16 passages. Compared to
the WT, the Sel I and Sel III viruses were partially resistant to
favipiravir (Fig. 2B, left). At 600 �M favipiravir, the Sel I and
Sel III viruses generated fold changes of 47.8- and 6.9-fold
compared to the WT, respectively (Fig. 2B, right). Whole-ge-
nome sequence analysis revealed that up to 7 mutations were
observed in both Sel I and Sel III (Fig. 2C), and the 3D S121N
mutation was the only common mutation, indicating that the
3D protein could be the potential target of favipiravir. In addi-
tion to mutations in the 3D protein, additional mutations were
also detected in the VP2, VP1, 2B, and 2C regions. As a negative
control, viruses passaged in 0.25% DMSO had a VP1 T237N
mutation but did not exhibit the mutations found in Sel I and
Sel III. The 3D protein acts as a viral RNA-dependent RNA
polymerase (RdRp) and plays a major role in viral genome
replication (45–47). To evaluate whether the 3D S121N muta-
tion could confer resistance to favipiravir, we introduced the
mutation into an infectious cDNA clone. Compared to the WT,
the 3D S121N mutant virus generated changes of 9.9-fold in the
presence of 600 �M favipiravir (Fig. 2B), demonstrating that
the 3D S121N single mutation conferred EV-A71 resistance to
favipiravir.

Sequence alignment of the 3D polymerase showed that residue
S121 is completely conserved among 11 genotypes of EV-A71 (A,

B1 to B5, and C1 to C5) and CV-A16, whereas CV-B3 and PV1
encoded V and EV-D68 encoded L at this position (Fig. 2D). On
the structure model of the EV-A71 3D polymerase, residue S121 is
located in the finger subdomain (Fig. 2E). Computer modeling of
favipiravir into the finger subdomain of the EV-A71 3D polymer-
ase revealed that the amine group of favipiravir interacts with
residue S121 (Fig. 2F). Favipiravir contact residues in the 3D poly-
merase are shown in Fig. 2G. The replacement of serine by aspar-
agine at position 121 could result in a greater distance between the
residue and compound, which in turn may weaken the interaction
of the residue with the compound.

Multistep growth curves for the 3D S121N mutant virus
showed that it replicated more slowly than the WT at early time
points (24 and 48 h postinfection) but could achieve similar peak
titers from 72 h postinfection, and it displayed plaque morphol-
ogy similar to that of the WT, suggesting that the mutation slightly
affect replication kinetics (Fig. 2H). Furthermore, the 3D S121N
mutation was retained after three passages in Vero cells (data not
shown), indicating that the mutant virus was genetically stable.

Viruses resistant to ITZ or favipiravir remain susceptible to
other inhibitors. We previously found that ITZ-resistant viruses
contained mutations in nonstructural protein 3A, and 3A V51L
and 3A V75A mutant viruses exhibited 2.56- and 3.42-fold shifts
in EC50s in a CPE assay, respectively (24). Here, we reverse engi-
neered a mutant virus containing a double mutation (3A V51L
V75A) and found that the virus exhibited slightly greater resis-
tance to ITZ, with a 3.64-fold shift in the EC50 in the CPE assay
(Table 1). We therefore used this double mutant for cross-resis-
tance phenotyping. We performed a CPE assay on Vero cells, as
described previously (24), to evaluate whether the ITZ- and
favipiravir-resistant viruses remained susceptible to other selected
inhibitors. As summarized in Table 1, there were no significant
shifts (	2-fold) in EC50s against other inhibitors for both the 3A
V51L V75A and 3D S121N mutant viruses, suggesting that viruses
resistant to ITZ or favipiravir are still susceptible to other inhibi-
tors.

Antiviral activities and cytotoxic effects of two-drug combi-
nations. We measured anti-EV-A71 activities of different com-
pound pairs in a checkerboard format using a CPE assay. To assess
whether the observed antiviral activities of the drug combinations
were synergistic, antagonistic, or simply additive, the experimen-
tal data were analyzed with the MacSynergy II program. This pro-
gram calculated the theoretical additive interactions of the drugs
based on the Bliss independence theory and displayed synergy and
antagonism as peaks above or below a predicted additive plane in
a three-dimensional graph (43). The graphs in Fig. 3 show the
results for each of the drug combinations analyzed. The corre-
sponding mean volumes of synergy and antagonism at the 95%

TABLE 1 Cross-resistance profiling of inhibitors of ITZ- and favipiravir-resistant viruses

Compound
Mean EC50 (�M) for
WT 
 SD

3A V51L � V75A 3D S121N

Mean EC50 (�M) 
 SD Shift (n-fold)a Mean EC50 (�M) 
 SD Shift (n-fold)a

Suramin 9.55 
 0.18 13.05 
 0.96 1.37 6.19 
 0.17 0.65
ITZ 0.36 
 0.02 1.31 
 0.02 3.64 0.49 
 0.003 1.36
GW5074 1.7 
 0.0007 2.91 
 0.47 1.71 0.77 
 0.07 0.45
Rupintrivir 0.18 
 0.006 0.22 
 0.04 1.22 0.05 
 0.05 0.28
Favipiravir 145.6 
 7.57 171 
 5.66 1.17 318.1 
 39.87 2.18
a Susceptibility data are expressed as the shift in the EC50 of mutants compared to the wild type. Shifts in the EC50 of �2-fold were considered to indicate cross-resistance.
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FIG 3 Analysis of drug combinations using the MacSynergy II program. Data shown were obtained at the 95% confidence level and were plotted with
DeltaGraph. Values in the zero plane indicate additive activity, values under the zero plane indicate antagonistic activity, and values above the zero plane indicate
synergistic activity. Combinations of rupintrivir plus itraconazole (A), favipiravir (B), and suramin (C); combinations of itraconazole plus favipiravir (D) and
suramin (E); the combination of suramin plus favipiravir (F); and the combination of GW5074 plus itraconazole (G) are presented. All data points are averages
of four measurements from at least three independent experiments.
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confidence level are summarized in Table 2. When ITZ and favipi-
ravir were individually combined with rupintrivir, the volumes of
synergy were extremely high (450.64 and 438.07 �M2%, respec-
tively), indicating a strong synergistic effect, while when suramin
was combined with rupintrivir, an additive effect was observed. In
contrast to the combination of suramin and favipiravir, which
yielded a strong synergistic effect, the combination of suramin and
ITZ resulted in a strong antagonistic effect. The combination of
ITZ and favipiravir was complex, showing minor synergy but with
a moderate level of antagonism. The combination of ITZ and
GW5074 showed moderate synergy at low concentrations and
strong antagonism at high concentrations. Of note, all combina-
tion studies included concurrent evaluations of cell viability, and
none of the synergistic and additive combinations showed syner-
gistic cytotoxicity within the range of drug concentrations exam-
ined, while the remaining combinations showed increased but not
significant cytotoxicity (�60% cell viability at all tested doses
[data not shown]). The extent of the synergy volume of three
combinations (rupintrivir plus ITZ, rupintrivir plus favipiravir,
and suramin plus favipiravir) indicates that these effects are prob-
ably important in vivo.

Combination of rupintrivir and ITZ synergistically reduces
EV-A71 yield. Because the combination of rupintrivir and ITZ
exhibited the strongest synergistic effect on EV-A71-induced CPE

inhibition, we further evaluated this combination in a virus yield
reduction assay. Vero cells were infected with EV-A71 strain G082
and treated with ITZ and rupintrivir at constant ratios (1:0.1 and
1:0.05), and viral titers were determined by a plaque assay. The
antiviral effects produced by the combination of rupintrivir and
ITZ at two fixed ratios of concentrations were compared to those
produced by rupintrivir or ITZ alone. The dose-effect relation-
ships were assessed by a method developed by Chou using Com-
pusyn software (44). CIs were calculated at the EC50, EC75, EC90,
and EC95 levels. As summarized in Table 3, very strong synergism
was obtained at a 1:0.1 ratio, with CIs ranging from 0.01 to 0.03,
and strong synergism was obtained at a 1:0.05 ratio, with a CI of
0.21. This result was consistent with the clear synergistic drug
interaction observed in the MacSynergy evaluation. In summary,
the antiviral interaction between rupintrivir and ITZ was syner-
gistic.

Rupintrivir suppresses emergence of resistance against ITZ.
In general, the use of antiviral agents with different resistance
profiles in combination creates a higher genetic barrier to the de-
velopment of resistance, thereby suppressing the emergence of
resistance. We studied whether rupintrivir is able to delay or even
prevent resistance development of EV-A71 against ITZ. By using
the same scheme for the selection of ITZ-resistant viruses (24),
EV-A71 was cultured in the presence of ITZ alone or in combina-
tion with rupintrivir. ITZ-resistant EV-A71 variants were readily
selected at P16, as we found previously (24); however, when ITZ
was combined with 0.5 �M or 1 �M rupintrivir, no apparent CPE
was observed at P16 for all three independent selections. The P16
viruses were then cultured for four more consecutive passages
under the same conditions as those for P16; however, no apparent
CPE was observed (data not shown). We then detected the viruses
at P10, P16, and P20 using RT-PCR targeting the VP1 gene, a
plaque assay, and an infectious-center assay as described previ-
ously (42). Surprisingly, the virus became undetectable, suggest-
ing that EV-A71 was completely inhibited by treatment with the
combination of rupintrivir and ITZ. It should be noted that the
combination of rupintrivir and ITZ did not cause an adverse effect
on Vero cells since no changes in morphology or density were
observed in parallel control cultures. Thus, the combination of
rupintrivir and ITZ completely cleared EV-A71 infection from cell
culture and prevented the emergence of resistance.

TABLE 2 Interactions of drug-drug combinations against EV-A71

Drug combination

Synergy/antagonism
(�M2%)a by
MacSynergy II
analysis Predicted interaction

Rupintrivir � ITZ 450.64/�4.04 Strong synergy
Rupintrivir � favipiravir 438.07/�8.36 Strong synergy
Rupintrivir � suramin 4.96/0 Additivity
ITZ � favipiravir 34.51/�88.11 Moderate antagonism,

minor synergy
ITZ � suramin 0.14/�246.23 Strong antagonism
Suramin � favipiravir 337.59/0 Strong synergy
GW5074 � ITZ 53.91/�167.68 Strong antagonism,

moderate synergy
a Mean volumes of synergy or antagonism are presented based on 95% confidence
levels.

TABLE 3 Dose-effect relationships of the combination of ITZ and rupintrivir

ITZ/rupintrivir
ratioa

% inhibition
(EDn)b CIc (interaction)

DRId

ITZ Rupintrivir

1:0.1 50 0.01 (very strong synergism) 285.69 138.38
75 0.01 (very strong synergism) 212.18 89.31
90 0.02 (very strong synergism) 157.58 57.64
95 0.03 (very strong synergism) 128.72 42.79

1:0.05 50 0.21 (strong synergism) 9.51 9.22
75 0.21 (strong synergism) 10.34 8.71
90 0.21 (strong synergism) 11.24 8.22
95 0.21 (strong synergism) 11.90 7.91

a Drugs were tested at constant ratios (1:0.1 and 1:0.05).
b EDn indicates the effective dose at the EC50, EC75, EC90, and EC95 levels.
c The combination index (CI) was calculated by using Compusyn software. CIs of 	1, 1, and �1 indicate synergism, an additive effect, and antagonism, respectively, at different
effective doses. A CI of 	0.1 indicates very strong synergism, and values between 0.1 and 0.3 indicate strong synergism.
d The dose reduction index (DRI) is the fold dose reduction allowed for a drug combination to reach a given degree of inhibition compared to the drug as a single agent.
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DISCUSSION

There is still a great need for an effective treatment to address the
medical and economic burden of EV-A71 infection. The facts that
several enterovirus inhibitors failed in clinical trials, mainly due to
safety issues (e.g., enviroxime) and an insufficient therapeutic ef-
fect (e.g., rupintrivir), and that the industry has put less effort into
developing enterovirus inhibitors since the 1990s have hampered
the progress of antienterovirus drug development. Therefore, a
new strategy to repurpose old drugs and use multiple antiviral
agents with additive or synergistic antiviral effects in combination
may be a good solution by improving antiviral potency, minimiz-
ing potential side effects, and saving time and cost. Both drug
repurposing and combination therapy were valid approaches. Re-
cently, combination therapy targeting different steps of the en-
terovirus replication cycle has shown synergistic activity (48). One
of the main goals of our study was to evaluate the combination
effects of compounds with antienterovirus activity that are FDA
approved or have reached clinical trials.

In this study, we selected five compounds based on their dif-
ferent mechanisms of action for combination studies. Among
them, suramin and ITZ were approved by the FDA for the treat-
ment of human sleeping sickness caused by trypanosomes and
fungal infections, respectively; favipiravir was approved in Japan
for the treatment of infections with influenza virus; and rupintri-
vir completed a phase II clinical trial. We performed two-drug
combination experiments for these four compounds. Interest-
ingly, the combination of rupintrivir and any of the three other
compounds yielded at least additive antiviral effects in six pairs of
combinations. This might be because rupintrivir targets the 3C
protease and does not interfere with the mechanisms of the other
compounds. A previous study also showed that the combination
of rupintrivir and interferon exerted strong synergistic anti-EV-
A71 activity (49). In addition, we evaluated the combination of
ITZ and GW5074. Although they belong to different classes of
enviroxime-like compounds and target different host factors (25,
50), their resistance mutations were located in the 3A protein (23,
24), a small hydrophobic protein (86 to 89 amino acids). It is likely
that the molecules compete with each other in the interaction of
the 3A protein with host factors at high concentrations, resulting
in the observed strong antagonism effect.

The second part of this study consisted of identifying potential
inhibitory mechanism of favipiravir against enterovirus. We gen-
erated favipiravir-resistant EV-A71 variants and confirmed that
the 3D S121N mutation could confer partial resistance to favipi-
ravir using a reverse genetic approach. Interestingly, the serine at
position 121 in 3Dpol is completely conserved among all genotypes
of EV-A71. Compared to Sel III, Sel I carried two more mutations
that resulted in an amino acid change in 3Dpol (S96G and I164V)
(Fig. 2C), which may be associated with the higher level of resis-
tance of Sel I (Fig. 2B), although the contribution of these two
mutations needs to be further validated. These findings together
with the previous identification of a favipiravir resistance muta-
tion in the RdRp nsP4 of chikungunya virus (34) suggest that
3Dpol of EV-A71 is the target of favipiravir. A modeling study was
performed to elucidate the role of the amino acid substitution
S121N in 3Dpol in antiviral resistance (Fig. 2F and G). In 3Dpol, the
residue at position 121 maps to the “pinky” finger domain, which
is separated from the other fingers by a groove at the top of the
finger domain (51). A possible explanation for the effect of the

serine-to-asparagine substitution that results in resistance is that
the greater distance between residue N121 and favipiravir could
weaken the interaction of the residue with the compound, result-
ing in resistance. However, the precise resistance mechanism
needs to be further determined by elucidation of the crystal struc-
ture of favipiravir bound to EV-A71 3Dpol and in vitro polymerase
activity assays.

A greater genetic barrier to the emergence of viral escape mu-
tants is a key advantage of antiviral therapies. Although resistance
to enterovirus inhibitors has not been reported in clinical studies,
compound-resistant viruses were readily isolated in the labora-
tory. We found that rupintrivir is highly effective in suppressing
the emergence of resistance when used in combination with ITZ,
suggesting that this combination may reduce the risk of generat-
ing drug-resistant mutants in the clinical management of EV-A71
infections.

In summary, three of the analyzed two-drug combinations
(i.e., rupintrivir plus ITZ, rupintrivir plus favipiravir, and suramin
plus favipiravir) yielded strong synergistic antiviral effects, and
none of these combinations exhibited synergistic cytotoxicity in
cell culture. Further in vivo investigation is warranted. Since
rupintrivir and ITZ are broad-spectrum enterovirus replication
inhibitors, it will be of interest to see whether a similar effect can be
achieved for other members of the Enterovirus genus. Moreover,
we provided evidence for favipiravir targeting the RdRp of RNA
viruses by the identification of a specific resistance mutation in
3Dpol of EV-A71, and the inhibitory and resistance mechanisms
should be investigated further by elucidation of the structure of
3Dpol of EV-A71 in complex with an inhibitor.
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